The successful regeneration of functional bone tissue in critical-size defects remains a significant clinical challenge. To address this challenge, synthetic bone scaffolds are widely developed, but remarkably few are translated to the clinic due to poor performance in vivo. Here, it is demonstrated how architectural design of 3D printed scaffolds can improve in vivo outcomes. Ceramic scaffolds with different pore sizes and permeabilities, but with similar porosity and interconnectivity, are implanted in rabbit calvaria for 12 weeks, and then the explants are harvested for microcomputed tomography evaluation of the volume and functionality of newly formed bone. The results indicate that scaffold pores should be larger than 390 µm with an upper limit of 590 µm to enhance bone formation. It is also demonstrated that a bimodal pore topology-alternating large and small pores-enhances the volume and functionality of new bone substantially. Moreover, bone formation results indicate that stiffness of new bone is highly influenced by the scaffold's permeability in the direction concerned. This study demonstrates that manipulating pore size and permeability in a 3D printed scaffold architecture provides a useful strategy for enhancing bone regeneration outcomes. enable better vascularization throughout the scaffold, [9] thereby enhancing bone regeneration. Ideally a scaffold will have 100% interconnectivity. Porosity is required for the ingrowth of bone tissue since it allows the facile movement of bone-related cells and formation of new vasculature. [10] However, while higher porosity enhances the rate of bone formation, [10a,11] it could also compromise the scaffold's mechanical properties and, therefore, its load-bearing function. [12] The optimal porosity for a scaffold will therefore be a "sweet spot" between biological efficacy and mechanical functionality, the latter depending on the demands of the anatomical site in question.
The in vivo effects of pore size, permeability, and pore shape are less certain. While it is known that pore size has a substantial influence on the progression of osteogenesis, [13] and sizes larger than 300 µm are often recommended, [10a] the optimal pore size for regenerating bone tissue is still a matter of controversy. Permeability, which is a measure of the ability of a scaffold to transmit fluids through its interconnected pores, [14] has also been shown to influence osteogenesis, [15] but it is still unclear how a change in permeability will affect bone ingrowth when all other architectural properties remain constant. Finally, pore shape is hypothesized to regulate bone regeneration rate and anatomical structure, but there is no definitive evidence. [16] Berner et al. [17] demonstrated that various fiber laydown patterns of PCL/TCP scaffolds resulted in different volume of newly formed bone; however, the underlying causes were not investigated.
In this study we aimed to provide a systematic understanding of how the architectural design of 3D printed bone scaffolds affects the volume and functionality of bone formation in critical-size bone defects in vivo, and how it can be optimized to improve these outcomes. Given that the effects of interconnectivity and porosity are known, we bracketed them off in order to focus on the effects of other architectural properties. To be able to differentiate effect of pore size from permeability, and vice versa, we had to consider particular architectures with right-angled pore shapes. We therefore designed all architectures to have the same interconnectivity (100%) and similar porosity (≈49.3 ± 1.9%), and all pore shapes to be right-angled. Within these constraints, we designed four different architectures and fabricated six similar scaffolds for each architecture, enabling us to systematically isolate the effect of pore size and the effect of permeability. Scaffolds were fabricated, using the robocasting technique, [18] from our recently developed bioceramic material, Sr-HT-Gahnite, [19] which comprises strontiumdoped Hardystonite (Ca 2 ZnSi 2 O 7 ) and Gahnite (ZnAl 2 O 4 ). Due to the excellent sinterability of this ceramic material at reasonably low temperature, a solid microstructure can be formed without presence of microporosity. It also has slow degradation rate that minimizes the chemical effect (leached ions) of scaffolds on bone formation. Moreover, previous in vitro and in vivo studies [19] have demonstrated bioactivity and osteoconductivity of this material.
Our in vivo model was a critical-size cylindrical defect in a rabbit calvaria. The scaffolds were implanted in this defect and, after 12 weeks, explanted to determine the volume of bone ingrowth for each architecture. We also determined the functionality of the new bone by examining its effective stiffness, indicative of mechanical stability. This is an important clinical consideration: in addition to enhancing the volume of bone formation for faster healing outcomes, a scaffold must generate new bone with sufficient mechanical stability for immediate use, particularly if degradable scaffolds are used.
Results and Discussion

Scaffolds with Architectural Permutations in Pore Size and Permeability
All scaffolds for the four different architectures were fabricated with the same interconnectivity (100%) and a similar porosity (≈49.3 ± 1.9%; the robocasting technique cannot produce identical porosities). Where the scaffolds' architectures differed, therefore, was only in pore size and permeability.
While all the architectures were designed to have right-angled pore geometry, the shape of pores in architecture D (Figure 1 ) distorted unintentionally as a result of the fabrication process, mainly due to limitations in the robocasting technique. Nevertheless, the comparability of the three other architectures (A, B, and C) enabled us to systematically isolate and probe the effect of pore size and the effect of permeability. Architecture D, as it transpired, allowed us to venture some insights into the effects of an alternative pore geometry.
Computer-aided design (CAD), microcomputed tomography (µCT), and scanning electron microscopy (SEM) images for each architecture are shown in Figure 1 . Architecture A, with its conventional square, mesh-like pattern, was the control group. Architecture B, with its double-lined pattern of bimodal pore sizes, was designed to isolate the effects of pore size. Its pore size was different to that of the control group (A), but every other architectural property including permeability and pore shape (right-angled pores) was the same. Architecture C, with its displaced double-layer pattern, was designed to isolate the effects of permeability. Its permeability was different to that of the control group (A), but every other architectural property including pore size and pore shape (right-angled pores) was the same. Finally, architecture D, with its quatrefoil pattern, was designed to investigate the effect of increasing both permeability and pore size. It possessed considerably higher permeability and larger pore size than any of the three other architectures.
The permeability was determined numerically by performing the dedicated computational fluid dynamics (CFD) simulations of the reconstructed µCT models of the fabricated scaffolds prior to their implantation in rabbit calvaria. Effective permeability was measured in three different directions, namely, permeability k x , k y , and k z . The k x and k y were determined in the printing plane (x-y plane), while k z was measured in the direction perpendicular to the printing plane. The overall permeability of each scaffold was considered to be the sum of k x , k y , and k z (i.e., k x + k y + k z ). For all architectures the average value for k x and k y (i.e., (k x + k y )/2) was significantly lower than the k z (Figure 2) , implying less influence on cellular activities [20] in the x and y directions. overall permeability of scaffolds with architecture C was about 2.3 times lower than that of the control group (A), mainly due to the tortuosity [21] induced by displacing the layers in C (Figure 1a ). On the other hand, architecture D possessed considerably higher overall permeability compared with the control group, due to its larger pores; nevertheless, its permeability in the printing plane (k x and k y ) was lower in comparison with the other three architectures.
Stiffness and Fracture Strength of Scaffolds Prior to Implantation
One motivation for keeping porosity constant was to enable a proper comparison of the scaffolds' mechanical properties. We therefore determined the average stiffness and fracture strength of each architecture in the direction perpendicular to the printing plane by conducting finite element analyses (FEA) on the reconstructed µCT models of the fabricated scaffolds before implantation. It was found that the average stiffness and fracture strength of scaffolds with architectures B and D were fairly similar to those of the control group (A), whereas those of scaffolds with architecture C were considerably lower (Figure 3) . The results confirm that the structural modifications implemented in architectures B and D did not compromise the scaffolds' stiffness in comparison with the control group scaffolds (A).
In Vivo Responses to Different Architectures
All scaffolds were cut into disk-shaped constructs of 10 mm diameter and 3 mm height, and were then press-fitted into bone defects of the same dimensions in rabbit calvaria (Figure 4a) . At 12 weeks, explants of scaffolds and surrounding bone were excised and left undecalcified for histological evaluation. After embedding in methyl methacrylate, undecalcified sections were stained with van Gieson's picrofuchsin. Figure 4c compares the percentages of newly formed bone area in calvarial defect sites for different architectures which were calculated in longitudinal sections at low magnification (4×). 
Volume of New Bone
To ensure that the surrounding calveria bone was not included in the volume quantification of new bone, the whole scaffold was trimmed to a slightly smaller cylindrical region of 9.5 mm in diameter and 2.7 mm in height. The results are expressed as the ratio of new bone volume to void volume available (Figure 6a ). We used a ratio to minimize the effect of the small discrepancies in the porosity of different scaffolds' architectures ( Figure 1d ). Results show that architectures B and D had the highest ratios of bone formation (23.9 ± 1.4% and 23.3 ± 1.5%, respectively), whereas architecture C had the lowest (12.5 ± 2.1%) (Figure 6a ). Interestingly, architectures B and D exhibited about 40% more bone formation than the control group (A).
New Bone Density Distribution
The normalized values for average density of new bone formed in the block ROI in the middle of the explants were obtained from the reconstructed µCT models of the new bone harvested after 12 weeks (Figure 7c ). The contour of bone density is shown for both the top view and a cross-sectional view of the newly formed bone in all the architectures ( Figure 7a ). Interestingly, bone density was lower in the regions far from the internal surfaces of the scaffolds, and this was more obviously the case in architectures B and D which possessed larger pores.
Functionality of New Bone
Not only the volume but also the functionality of new bone varied significantly between the different scaffold architectures. We assessed functionality in terms of both the structure and stiffness of the new bone. It is widely known that plate-like trabeculae bear higher loads than rod-like trabeculae do. [22] To compare the new bony structures quantitatively, we used the structure model index (SMI), which provides an estimate of plate-rod characteristics (Figure 6b ). [23] The SMI value varies from 0 for an ideal plate-like structure to 3 for an ideal rodlike structure. [24] Figure 6b showed that the SMIs for architectures B and D were lower than those for architectures A and C, which were consistent with our visual observation based on Figure 5 . [25] However, it should be noted that no significant difference existed between the groups.
To characterize the new bone's mechanical functionality, we quantified the effective stiffness of the bony structure that formed in each scaffold. We conducted the specific 3D FEA of the new bone formed within the ROI (6 mm × 6 mm × 2 mm) in the middle of the explant (excluding the scaffold) as shown in Figure 8a (further details on µCT numerical analyses can be found in Experimental Section). FEA identified that the bony structure generated from architectures B and D had significantly higher effective stiffness (0.79 E max ± 0.13 E max and 0.87 E max ± 0.12 E max , respectively) than those obtained from the other architectures (Figure 8b ). The almost zero stiffness value obtained for architecture C reflects the disconnected bony structure (non-bridged in the direction concerned) of scaffolds with this architecture.
Discussion
Although the architecture of tissue scaffolds is widely known to control bone regeneration outcomes, [17, 26] the individual effects of pore size and of permeability independent of other architectural properties have not been investigated. This study provides the evidence that the volume and functionality of bone ingrowth are not only dependent on a scaffold's porosity and interconnectivity but are also significantly influenced by its pore size and permeability. All these architectural properties should www.advancedsciencenews.com www.advhealthmat.de therefore be carefully taken into account when designing bone tissue scaffolds. This information is critical for the translation of synthetic bone scaffolds into the clinic, particularly when they are intended to treat critical-size bone defects. Figure 4c demonstrated that the quantitative histological data (area of new bone) are reasonably consistent with quantitative new bone volumes measured from 3D µCT models of the explants (Figure 6a) , except for architectures A and B. While µCT-based volumetric analyses showed that more bone is formed in architecture B, quantitative histological data did not confirm this and did not show a significant difference between architectures A and B. This could be due to the fact that histological sections represented only a single plane within the scaffolds which did not represent the overall volume and quality of the newly formed bone within the scaffolds; hence, the quantitative volumetric data obtained from µCT analyses are used herein to compare the volume and functionality of the newly formed bone in scaffolds with different architectures.
The µCT analyses of explants revealed the significant effect of permeability on the volume of newly formed bone. Interestingly, the higher permeability related to architecture A compared to architecture C (Figure 2b ), led to greater volume of new bone formed in scaffolds with architecture A (Figure 6a ). Both architectures A and C had similar porosity, interconnectivity, pore shape, and pore size, yet the average volume of bone formed in architecture A (17.1 ± 1.1%) was about 37% greater than that in architecture C (12.5 ± 2.1%) (Figure 6 ). The only difference between the two architectures was permeability (Figure 2) . While it has been widely hypothesized that scaffold permeability has a significant influence on in vivo bone growth, [15a,b] the effect of altering permeability alone (i.e., with other architectural parameters unchanged) has not been explored in vivo previously. For example, Mitsak et al. [15b] suggested that the permeability of polycaprolactone scaffolds affected bone formation outcomes in vivo; however, they could not isolate the effect of permeability because it varied as a function of the scaffolds' porosity. Our study clearly showed that increasing permeability by about 2.3 times (Figure 2 ) while keeping the other architectural parameters unchanged, enhanced the volume of new bone by about 37%. This is mainly due to the fact that higher permeability can better facilitate the diffusion of nutrients and the flow of blood and other biofluids necessary for new bone formation. [27] In fact, the higher tortuosity induced by displacing the layers in architecture C not only limited the efficiency of nutrient transportation, but also prevented the cells from generating any straight, pillar-shape bone constructs capable of carrying the loading more effectively in the direction concerned.
The comparison between the volumes of bone formed in scaffolds with architectures A and B (Figure 6a ) revealed the critical effect of scaffolds' pore size on bone regeneration outcome. While architectures A and B had similar porosity, interconnectivity, pore shape, and permeability, the average volume of bone formed in architecture B (23.9 ± 1.4%) was considerably greater than that in architecture A (17.1 ± 1.1%) (Figure 6 ). The only difference between the two architectures was pore size: architecture A had uniform pores of 390 µm in size, whereas architecture B had bimodal pores of 200 and 590 µm in size (Figure 1f ). In the larger pores of the architecture B scaffolds, new bone grew more uniformly than in the control group scaffolds (A) (Figure 4) , contributing to the greater bone volume generated from architecture B. Although pores larger than 300 µm are generally recommended, [10a] on the basis that larger pores are more likely to enhance the diffusion of oxygen and www.advancedsciencenews.com www.advhealthmat.de nutrients into the scaffold's interior and in turn better support neovascularization, [28] our results suggest that increasing pore size well beyond 300 µm can enhance the volume of bone formation in vivo. The insignificant bone ingrowth into the smaller pores (200 µm) in architecture B suggests that 300 µm could possibly serve as a bottom-line for pore size. [10a] Architectures A and B also differed substantially in the stiffness of the new bone that formed: the bony structures generated from scaffolds with architecture B exhibited more than twice the stiffness of those with architecture A (Figure 8b) . Again, the only difference between the two architectures was pore size (390 µm in A vs 200/590 µm in B); the larger pores in architecture B produced thicker and stiffer pillar-shaped bony structures, whereas some pores in architecture A failed to produce such continuous structures ( Figure 5 ). For example, Figure 8a shows zero strain energy in a portion of bony pillars formed in architecture A, which confirms that they were not continuous and could not carry any loading on their own. This suggests that even 390 µm pores may be insufficient to form thick and continuous pillarshaped bony tissues, thereby compromising the overall stiffness and structural integrity of new bone considerably.
The greater volume and superior stiffness of bony structure formed by scaffolds with architecture B suggest that creating bimodal pores may be a useful strategy. Unlike scaffolds with uniform pore size, the bimodal pore topology allows the creation of larger pores in the structure without the need to increase the porosity of the scaffolds. Therefore, bimodal pores can improve the volume and functionality of new bone without compromising the initial stiffness and fracture strength of the scaffold (Figure 3 ).
The permeability of scaffolds can not only control the volume of newly formed bone, but also influence the stiffness of bony structure formed in the scaffolds. Despite architectures A and C having similar porosity, interconnectivity, pore size, and pore shape, the stiffness of new bone in architecture C scaffolds was much lower than that in architecture A (Figure 8b ). This could be due to the fact that architecture C possessed much higher tortuosity and lower permeability in the z direction. This means, first, that architecture C transports biofluids much less efficiently than A (Figure 2a ), affecting viability of cells, [29] and second, that cells have a tendency to align with the walls of relatively large pores; [26] structurally, the architecture of group C scaffolds may have prevented cells from generating any straight, pillar-shape bone constructs. This result suggests that when the immediate mechanical functionality of regenerated bone matters, scaffold architecture should be designed with the lowest possible tortuosity in the direction in which most loading is applied.
While scaffolds with architecture D had significantly higher permeability (Figure 2 ) and larger pore size (Figure 1f ) than those with architecture B, the bone volume formed was not evidently greater ( Figure 6 ). We speculate that this result could imply an upper limit to the benefits of larger pore size and permeability: while in principle the higher permeability and larger pores of architecture D could have enhanced the transportation of oxygen and nutrients, in practice they did not improve the progression of osteogenesis any further. It may be that enlarging the pores beyond a certain size compromises the optimal surface-to-volume ratio in the scaffold (by about 20% as shown in Figure 1e www.advancedsciencenews.com www.advhealthmat.de attachment and distribution throughout the matrix. [30] Therefore, we conclude that pores larger than around 600 µm may not result in a higher bone formation rate in vivo because they disturb the trade-off between enhanced transportation of nutrients and sufficient surface-to-volume ratio in the scaffolds. [31] The density of newly formed bone was higher in the vicinity of scaffolds' internal surfaces (Figure 7a ). This may suggest that bone formation was initiated from the surface of the pores, exhibiting a correlation between the mineralization process of the newly formed bone and healing time. [32] This gradient bone density was more significant in scaffolds B and D, which possessed larger pores and therefore space for accommodating progressive bone mineralization. Although newly formed bone had smaller volume in the small pores of scaffold A (390 µm), its bone density was higher and more uniform than that in the large pores of scaffolds B and D (590 µm in B and 950 µm in D). This could be because smaller pores may have restrictive space for further bone formation and because mineralization may have reached saturation without much gradient. Nevertheless, the larger pores of scaffolds B and D still outperform in terms of mechanical stability, because they led to more continuous bony pillars which could carry more loading compared with those of scaffold A.
The strength of bone depends not only on bone volume density, [25] but also on the predominant shape of trabeculae in terms of whether they exhibit rod-like or plate-like structures. [24, 33] Plate-like structures are common in healthy trabecular bone, whereas rod-like structures are predominant in osteoporotic bone. We observed that comparatively more plate-like structures formed within the scaffolds with architecture B and, even more visibly, in those with architecture D, possibly due to its different internal topology, whereas rod-like structures were more common in the other architectures. The results relating to the SMI of the new bone formed in each scaffold (Figure 6b ) confirmed that lower average values of SMI for architectures B and D led to their more plate-like bony structures. [25] Therefore, we were able to demonstrate that the functionality of new bone can be transformed by altering a scaffold's architecture alone.
While this study provides useful guidance for optimizing scaffold architecture, following further studies are suggested: 1) since the study was performed based on a single porosity and right-angled pore shape, it would be more conclusive to study the effect of higher range of porosities and pore shapes; 2) in current study we chose a ceramic material with slow degradation rate; therefore, future studies could consider degradable scaffolds to study the effect of architecture in association with remodeling.
Conclusion
This study clearly demonstrated the importance of architectural design to the development of 3D printed ceramic scaffolds for applications in bone tissue engineering. We observed that stiffness of newly formed bone is highly influenced by the scaffold's permeability in the specific direction concerned. Interestingly, the higher tortuosity induced by displacing the layers not only limited the efficiency of nutrient transportation, but also prevented the cells from generating any straight, pillar-shape bone constructs capable of carrying the load in the specific direction concerned. We also observed the critical effect of pore size on the volume of bone formation and, more importantly, on the stiffness of newly formed bone. To enhance bone formation outcome, scaffold pores should be larger than 390 µm with upper limit of 590 µm. We found out that enlarging the pores beyond 590 µm did not have any effect on improvement of bone formation. Moreover, the bimodal pore topology in scaffolds substantially enhanced volume and functionality of newly formed bone. Unlike scaffolds with uniform pore size, the bimodal pore topology allowed the creation of larger pores in the structure without the need to increase the porosity of the scaffolds. Therefore, the use of bimodal pore topology is a beneficial strategy for designing denser scaffolds which can provide both improved scaffold's mechanical properties and enhanced bone regeneration function.
Experimental Section
Ceramic Material Preparation: Sr-HT (Sr doped Ca 2 ZnSi 2 O 7 (HT)) powder with a certain size distribution was prepared by sol-gel method. [18] The ceramic ink with proper viscoelastic property, consisting of Sr-HT powder, aluminium oxide (Al 2 O 3 ), hydroxypropyl methylcellulose, and polyethyleminine, was made according to the previous report. [18] Scaffold Fabrication: A robotic deposition device (Hyrel 3D, USA) with a custom-made nozzle (450 µm) was used to fabricate the scaffolds with an external dimension of about 12 mm × 12 mm × 3.5 mm according to the previous report. [18] Prior to implantation, all scaffolds were cut into disk-shape of 10 mm in diameter and 3 mm in height, enabling press-fit to the defects.
Creation and Implantation of Critical-Sized Defects in Rabbit Calvaria: In order to evaluate bone regeneration outcome for each scaffold architecture, a critical-sized rabbit cranial bone defect model was used. Two full thickness cylindrical defects (10 mm in diameter) were created on both sides of the rabbit skull. Scaffolds of different architectures (four different architectures, and six scaffolds per architecture) with the same dimension (10 mm in diameter, 3 mm in height) were implanted into 24 cranial bone defects randomly. All the animals (New Zealand rabbits, three months age, and average weight of 2.5 kg) were obtained from the Ninth People's Hospital Animal Center (Shanghai, China) and the experimental protocol was approved by the Animal Care and Experiment Committee of Ninth People's Hospital. After three months, the animals were sacrificed to harvest the samples and fixed in 10% formaldehyde solution.
Histology: After the µCT scanning, the samples were embedded in polymethylmethacrylate (PMMA). A microtome (Leica, Germany) was utilized to cut the samples into 150 µm thick sections. These sections were gradually ground and polished to a thickness of 40 µm, and further stained with von Gieson's picrofuchsin. Since some rabbits died in about two weeks after operation, the scaffolds numbers dropped to n = 5 per architecture for histology analyses. The area of new bone was measured with image analysis by image-Pro Plus (Media Cybernetics, Silver Spring, MD, USA). [34] µCT Analyses of Scaffolds Prior to Implantation: For each architecture, three scaffolds with dimension of about 12 mm × 12 mm × 3.5 mm were scanned prior to implantation (n = 3 per architecture). Scaffolds were scanned using SkyScan 1172 (Kontich, Belgium) with 100 kV and 100 µA at a 16 µm voxel size resolution. An aluminum filter with 1.0 mm was also used. Projection images were integrated for 885 ms every 0.5°. The SkyScan's reconstruction software NRecon (Kontich, Belgium) was utilized to reconstruct the raw data to a stack of grayscale images. To ensure a consistent grayscale, reconstruction parameters were kept constant for each scan. After importing the reconstructed images into www.advancedsciencenews.com www.advhealthmat.de ScanIP (Simpleware Ltd., Exeter, UK), a smoothing filter (Recursive Gaussian) with 19 µm was applied. It should be noted that µCT models of scaffolds used for numerical analyses (n = 5 per architecture) had dimension of 3 mm × 3 mm × 3 mm. These small scaffolds were cut from the large scaffolds (with dimension of 12 mm × 12 mm × 3.5 mm) at random locations in silico. Since for each architecture, only three large scaffolds had been scanned prior to implantation, more than one small scaffolds were cut from a portion of large scaffolds in silico.
µCT Analyses of Explants: A µCT system (µCT-80, Scanco Medical, Switzerland) was used to scan the fixed samples (n = 4 for architecture C, n = 3 for architectures A and B, and n = 2 for architecture D) in high-resolution scanning mode (pixel matrix, 1024 × 1024;voxel size, 20 µm;slice thickness, 20 µm). To create the 3D model of the explants (including both the scaffold and the newly formed bone), the reconstructed images were imported into the ScanIP(Simpleware Ltd., Exeter, UK). The most critical step in creating the µCT models of the explants was how to estimate a reasonable threshold range for the segmentation of the newly formed bone. For this purpose, first the 2D images from the original and segmented images were compared for some µCT scans, [35] which contained both the explant and the surrounding trabecular bone, to ensure that the extracted bony tissue (in the surrounding trabecular bone) was a good representation of the genuine trabecular bone structure. The threshold was determined by analysis of the grayscale image in a way that the resulted binary images could represent the original grayscale images of the surrounding trabecular bone reasonably well. Then, the threshold range determined for the segmentation of the surrounding trabecular bone was applied for the segmentation of the newly formed bone in all scaffolds.
Scaffold Porosity Characterization: The porosity of each scaffold was characterized in the image-processing software ScanIP (Simpleware Ltd., Exeter, UK) prior to implantation. For this purpose, each µCT-based model of the scaffolds (n = 3 per architecture) that was previously generated in ScanIP was trimmed to a scaffold with dimensions of 10 mm × 10 mm × 3 mm in silico to ensure that the surrounding solid walls of the scaffolds, which were unwantedly created during fabrication process, were not included in the measurements of porosity. In ScanIP, the statistic tool of Volume Fraction was used to determine the porosity of scaffolds. It should be noted that exactly the same threshold range was used for the segmentation of different scaffolds to provide consistent measurement of porosity for all scaffolds.
Bone Density Characterization: To characterize and plot the contour of mass density for the newly formed bone, ScanIP (Simpleware Ltd., Exeter, UK) was used to assign grayscale-based material properties to the volumetric mesh of the new bone. Since the correlation between Hounsfield Unit (HU) and mass density of new bony tissue was not specifically available in literature, the correlation between HU and mass density related to rabbit femur bone [36] was used. We normalized all bone density values by dividing the local bone density over the maximum bone density found amongst all groups. To obtain the mean mass density of the newly formed bone in each architecture (n = 4 for architecture C, n = 3 for architectures A and B, and n = 2 for architecture D), the mean mass density measurement tool was utilized in ScanIP (Simpleware Ltd., Exeter, UK).
Bone Volume Characterization: To determine the volume of newly formed bone, all the data sets were segmented in CTAn software (Skyscan) using the same thresholds determined previously (in the section "µCT Analyses of Explants"). To ensure that the surrounding calveria bone was not included in the new bone volume measurements, the bone volume calculations were performed over a volume of interest (VOI) which was trimmed to a slightly smaller cylindrical region of 9.5 mm in diameter and 2.7 mm in height (n = 4 for architecture C, n = 3 for architectures A and B, and n = 2 for architecture D).
Structure Model Index Characterization: The SMI was quantified using CTAn software (Skyscan) to determine the predominant shape of the newly formed bone. [25] The calculation of SMI was performed by the dilation of 3D voxel model, where one voxel thickness was added to the binarized object surfaces. [23] Similar to the bone volume characterization, the SMI calculations were also performed over a ROI which was trimmed to a slightly smaller cylindrical region 9.5 mm in diameter and 2.7 mm in height, to ensure that the surrounding calveria bone was not included in the measurements (n = 4 for architecture C, n = 3 for architectures A and B, and n = 2 for architecture D).
Numerical Structural Analysis of Scaffolds Prior to Implantation: To evaluate the stiffness of scaffolds prior to implantation (n = 5 per architecture), the reconstructed µCT models of the scaffolds with dimension of 3 mm × 3 mm × 3 mm (which were previously cut from the large scaffolds in silico) were imported into ABAQUS 6.13 (SIMULIA, Providence, RI, USA) for the numerical analyses. A four-node tetrahedral mesh was created for each scaffold by means of +FE Free algorithm in ScanFE (Simpleware Ltd., Exeter, UK). The ceramic material was assumed to be homogeneous with the Poisson's ratio, Young's modulus, and flexural strength equal to 0.3, 33 GPa, and 97 MPa, [37] respectively. In ABAQUS, each scaffold underwent a linearly ramped compression loading. To simulate the compression test in the z direction, the applied load was perpendicular to the x-y plane (printing plane).
Numerical Structural Analysis of Newly Formed Bone: Numerical structural analyses were also performed on the new bony structures formed in vivo to evaluate their effective stiffness. The µCT-based models of newly formed bone (n = 4 for architecture C, n = 3 for architectures A and B, and n = 2 for architecture D) used for numerical structural analyses had dimension of 6 mm × 6 mm × 2 mm which were cut from the middle of explants (excluding the scaffold) in silico (µCT-based models of explants were previously created in section "µCT Analyses of Explants"). To create the volumetric mesh model of the new bony structures, the mesh was generated by using four-node tetrahedral elements based upon the +FE Free algorithm in ScanFE (Simpleware Ltd., Exeter, UK). To relate the Young's modulus to normalized Hounsfield Unit (NHU), the correlation (E(GPa) = 16.54(NHU) 0.23 ) related to rabbit cancellous bone was adopted. [38] The rest of the procedures to set up the finite element simulations for the newly formed bone models in ABAQUS were similar to those described for the scaffold models in section "Numerical Structural Analysis of Scaffolds Prior to Implantation." Since the correlation used for the Young's modulus was not specific to new bone tissue, all stiffness results were normalized by dividing each new bone stiffness over the highest stiffness of new bone amongst all tissue constructs to enable an approximate comparison of new bone stiffness resulted from the different scaffold architectures.
Numerical Fluid Flow Analysis: The µCT-based models of scaffolds (with dimension of 3 mm × 3 mm × 3 mm, and n = 5 per architecture) which were previously created in section "µCT Analyses of Scaffolds Prior to Implantation," were imported into COMSOL Multiphysics 5.1 for the permeability analyses. A constant flow rate (Q) and zero static pressure were defined for inlet and outlet, respectively. Steady-state Navier-Stokes equations were implemented and no-slip conditions were considered for the walls of the scaffolds. The fluid phase was considered to be blood which was incompressible and homogenous and had density and dynamic viscosity of 1060 kg m −3 and 3.2 × 10 −3 Pa s, respectively. [39] The resultant pressure drop (ΔP) through the scaffold was used to calculate the effective permeability from Darcy's law defined in the following equation
where k is the effective permeability (m 2 ), L the thickness (m) of scaffold, A the area of scaffold's cross-section (m 2 ), µ the dynamic fluid viscosity (Pa s), and ΔP the pressure gradient (Pa) in the scaffold when fluid flows at rate of Q (m 3 s −1 ) through the scaffold. Since Darcy's law is valid for Reynolds numbers smaller than one, [40] a small flow rate (Q) was defined for the inlet boundary condition. Statistical Analysis: The mean ± SD (standard deviation) have been reported for the experimental data and µCT-based computational results. The sample size (n) for each analysis is reported in the legend of the relevant figure. The ANOVA followed by the Tukey's multiple comparisons test was used for all statistical analyses (SigmaPlot V14.0). The differences were considered as significant if p < 0.05. www.advancedsciencenews.com www.advhealthmat.de
